REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  0704-0188 

manning 

suggestions  for  reducing  the  burden,  to  the  Department  of  Defense  Executive  Service  Directorate  (D7tt^1?m  lesnnnK»n.«  kI  St  y  othsr  aspect  Df  lh,s  colle::,i°11  of  information,  including 
person  shell  be  subject  to  any  penalty  forfaiting  to  comply  ynth  a  coileoictS^  T  P™*™  of  taw.  n^ 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ORGANIZATION 

1.  i\cruKi  uAi  t  [uu-mm-YYYY)  2.  REPORT  TYPE 

20-07-2013  Final 

3.  DATES  COVERED  (From  -  To) 

1  Aug  2007  -  31  Jan  2013 

illLtrtNU  oUolllLfc 

Biologically-Inspired,  Anisotropic  Flexible  Wing  for  Optimal  Flapping  Flight 

5a.  CO 

NTRACT  NUMBER  - 

FA9550-07- 1-0547 

SD.  GRANT  NUMBER  - - 

5c.  PROGRAM  ELEMENT  NUMBER  - - 

o.  AUTHOR(S) 

Bernal,  Luis;  Shyy,  Wei;  Cesnik,  Carlos;  Friedmann,  Perctz;  Ifju,  Peter;  Lind,  Rick; 
Ukeiley,  Lany;  Humbert,  Sean. 

5tf.  PROJECT  NUMBER  ~ - 

5e.  TASK  NUMBER  ~ — * - - - — 

5f.  WORK  UNIT  NUMBER  "  - - — 

/.  rcnrumiirtit,  ORGANIZATION NAME(S)  AND ADDRESS(ES) 

University  of  Michigan,  3003  South  State  St.,  Ann  Arbor,  MI  48109-1273 

University  of  Florida,  339  Weil  Hall,  Gainesville,  FL  3261 1-6550 

University  of  Maryland,  31 12  Lee  Building,  College  Park,  MD  20742-5141 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

N/A 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Office  of  Scientific  Research,  875  Randolph  Street,  Arlington,  VA  22203 

10.  SPONSOR/MONITOR'S  ACRONYM(S) 

AFOSR 

11.  SPONSOR/MONITOR'S  REPORT 

NUMBER(S) 

AFRL-OSR-VA-TR-203  3-0400 

\  L.  uio  i  KIBU  i  iun/AVAJ  LABILITY  STATEMENT  - 1  1  - - - . - - - 

Distribution  A  -  Approved  for  public  release 

To.  SUPPLEMENTARY  NnTFS  -  ■ — — — - - 

None 

A  multidisciplinary  program  involving  collaboration  between  eight  researches  at  three  universities  to  address  fundamental  aspects  of  flapping  wind 
”7  ^  “  d'”W-  *»>  <*«*  w«  develop 

md tSted??  aTTi  ftaPPlng"WlnS  NIAVS  for  °perati0n  in  311  urban  environment-  Significant  accomplishments  include:  a)  Developed 

f  -  .  df  bf'  and  “W'fideI,ty  computational  tools  for  analysis  and  design  of  flapping  wing  MAVs;  b)  Developed  and  used  measurement 
techniques  to  determine  the  relation  between  wing  kinematics,  geometiy,  and  anisotropic  structural  flexibility;  c)  Conducted  coordinated 
expenmental  and  computational  modeling  to  determine  the  roles  of  aerodynamic  loading,  wing  inertia,  and  structural  flexibility-  and  elasticity  and 
d)  Developed  surrogate  tools  for  flapping  wing  MAV  design  and  optimization.  Detailed  research  accomplishments  have  been  documented  in  83 
archival  pubhcations,  1 1  Ph.D.  D.ssertations  and  5  Master  Thesis.  Several  archival  publications  are  in  collaboration  with  colleagues  at  AFRL 

i  o.  oudjcu  i  i  tKRflla 

Flapping  Wings,  Bio-inspired  Flight,  Unsteady 

Aerodynamics,  Structural  Dynamics,  Aeroefasticity,  Vortex  Flows 

16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

uu 

lEMJTfPTTzTggj 

19a.  NAME  OF  RESPONSIBLE  PERSON 

Luis  P  Bernal 

a.  REPORT  b.  ABSTRACT  c.  THIS  PAGE 

U  u  u 

19b.  TELEPHONE  NUMBER  (Include  area  code) 

734-764-3396 

Standard  Form  298  (Rev.  8/98) 
Prescribed  by  ANSI  Std.  239.18 


Adobe  Professional  7.0 


Multidisciplinary  University  Research  Initiative  (MURI) 

Final  Report 

Contract  Number:  FA9550-07-1-0547 

Biologically-Inspired,  Anisotropic  Flexible  Wing  for  Optimal 

Flapping  Flight 


University  of  Michigan 
Principal  Investigator:  Luis  P.  Bernal 
Department  of  Aerospace  Engineering, 

The  University  of  Michigan 
3048  FXB,  1320  Beal  Avenue 
Ann  Arbor,  MI  48109 
Phone:  (734)  764-3396 
Fax:  (734)763-0578 
lpb@umich.edu 

Co-Principal  Investigators: 

Carlos  Cesnik  and  Peretz  Friedmann 
Department  of  Aerospace  Engineering,  University  of  Michigan 

Wei  Shyy 

Hong  Kong  University  of  Science  and  Technology,  Kowloon,  Hong  Kong 

Peter  Ifju,  Rick  Lind,  and  Lawrence  Ukeiley 
Department  of  Mechanical  and  Aerospace  Engineering,  University  of  Florida 

Sean  Humbert 

Department  of  Aerospace  Engineering,  University  of  Maryland 


Contents 


Summary  3 

Introduction  4 

Research  Accomplishments  6 

Conclusions  ^  ^ 

Appendix  A  12 

Appendix  B 


2 


1.  Summary 

A  multidisciplinary  program  involving  collaboration  between  eight  researches  at  three 
universities  to  address  fundamental  aspects  of  flapping  wing  micro  aerial  vehicles  (MAV)  is 
described.  The  overall  goal  of  the  program  was  to  develop  the  fundamental  scientific  foundation 
necessary  to  enable  the  design  of  agile,  autonomous  flapping-wing  MAVs  for  operation  in  an 
urban  environment.  To  focus  the  research  a  notional  flapping  wing  MAV  with  parameters  similar 
to  several  biological  systems  like  the  bumblebee,  hawkmoth,  and  hummingbird  was  identified 
and  used  as  the  basis  for  systematic  studies  of  the  flow  physics,  structural  dynamics  and  flight 
mechanics.  Specific  research  objectives  include  collaborations  in  the  following  research  areas: 

1.  The  flow  physics  of  biology-inspired  mechanisms  that  simultaneously  provide  lift  and 
thrust,  to  enable  hover,  and  minimize  power  consumption; 

2.  The  interactions  of  unsteady  aerodynamic  loading  with  flexible  structures; 

3.  Flexible,  light-weight,  multifunctional  materials  and  structures  for  large  displacement  and 
suitable  for  actuators  and  sensors; 

4.  Gust-tolerant  biology-inspired  flight  control  methodologies  incorporating  novel  sensors  and 
wing  structural  property  tailoring; 

5.  Integration  of  theoretical,  numerical  and  experimental  analysis  techniques; 

6.  Power  requirements,  packaging  and  integration  issues  for  flapping  wing  technologies 
relevant  to  MAV  urban  operations. 

Significant  accomplishments  include: 

a)  Developed  and  validated  high-  and  low-fidelity  computational  tools  necessary  for 
understanding  and  prediction  of  the  coupled  fluid  and  structural  dynamics  in  unsteady,  low 
Reynolds  number  flows; 

b)  Developed  and  implemented  measurement  techniques  to  probe  the  interplay  between  wing 
kinematics  (including  frequency,  stroke  amplitude,  and  angle-of-attack  variations), 
geometry,  and  anisotropic  structural  flexibility; 

c)  Conducted  coordinated  experimental  and  computational  modeling  in  vacuum  chamber,  wind 
tunnel,  and  water  channel  to  separate  the  key  roles  of  aerodynamic  loading,  wing  inertia, 
and  structural  flexibility  and  elasticity; 

d)  Developed  surrogate  tools  for  flapping  wing  MAV  design  and  optimization. 

Detailed  research  accomplishments  have  been  documented  in  83  archival  publications,  1 1 
Ph.D.  Dissertations  and  5  Master  Thesis.  Several  archival  publications  are  in  collaboration  with 
colleagues  at  the  Air  Force  Research  Laboratory,  Wright-Patterson  Air  Force  Base. 


2.  Introduction 

This  report  describes  a  multidisciplinary  program  involving  collaboration  between  eight 
researches  at  three  universities  to  address  fundamental  scientific  aspects  of  bio-inspired  flapping 
wing  MAVs.  In  addition  to  the  co-principal  investigators  approximate  40  students  and  post¬ 
doctoral  fellows  participated  in  the  research.  Detailed  descriptions  of  the  many  research  projects 
and  scientific  contributions  can  be  found  in  the  83  archival  publications,  5  Master  Thesis  and  1 1 
Ph.D.  Dissertations  listed  in  Appendices  A  and  B.  Another  feature  of  the  program  was 
collaboration  with  Drs.  Michael  01,  Ray  Gordnier  and  Miguel  Visbal  of  the  Air  Force  Research 
Laboratory,  Wright-Patterson  AFB,  which  resulted  in  19  co-authored  archival  publications  also 
listed  in  appendix  A.  In  this  report  we  refrain  from  discussing  technical  details  of  the  different 
research  projects  which  are  readily  available  in  the  above  mentioned  publications,  and  focus 
instead  on  the  research  motivation  and  the  6  research  areas  that  were  identified  in  the  proposal. 
We  highlight  the  research  contributions  in  these  areas  to  provide  context  for  the  many  research 
publications,  and  conclude  with  recommendations  for  future  research. 

Micro  Air  Vehicles  (MAVs)  have  the  potential  to  revolutionize  DoD’s  21st  century  combat 
capability.  To  meet  the  evolving  threat,  MAVs  must  have  the  ability  to  fly  in  urban  settings, 
tunnels  and  caves,  maintain  forward  and  hovering  flight,  maneuver  in  constrained  environments, 
and  “perch”  until  needed.  Due  to  the  MAVs5  small  size,  flight  regime,  and  modes  of  operation, 
significant  scientific  advancement  is  needed  to  create  this  revolutionary  capability.  Insufficient 
knowledge,  predictive  capabilities,  and  experimental  data  exist  regarding  the  fundamental 
unsteady  aerodynamics  of  low  Reynolds  number  flyers,  and  the  associated  fluid-structure-control 
interactions,  flight  mechanics,  guidance  and  control. 

In  principle,  one  might  like  to  first  understand  a  biological  system,  then  abstracting  certain 
properties  and  applying  them  to  MAV  design.  However,  scaling  of  both  fluid  dynamics  and 
structural  dynamics  between  smaller  natural  flyer  and  practical  flying  hardware/lab  experiment 
(larger  dimension)  is  not  well-understood.  Furthermore,  it  is  desirable  to  make  best  use  of 
engineering  advancements  in  materials,  actuation,  kinematics,  and  experimental  and  simulation 
tools  to  take  advantage  of  the  insight  learned  from  natural  flyers,  while  developing  suitable 
guidelines  for  engineered  MAV  design. 

Research  in  biological  flapping  wing  systems  provide  considerable  insight  in  the  flow  physics, 
structural  mechanics  and  flight  mechanics  applicable  to  engineered  flapping  wing  MAVs. 
However  fundamental  questions  remain  that  are  the  subjects  of  the  present  research.  These 
include:  optimum  flapping  kinematics,  fluid  physics  and  lift  enhancement  mechanisms,  gust 
response  mechanisms,  theoretical  aerodynamic  modeling  and  relevance  of  quasi-steady  models, 
laminai -turbulent  transition  in  highly  unsteady  flapping  wings,  fluid-structure  interactions  and 
the  effect  of  anisotropic  structural  properties,  sensing  of  flight  environment  and  control  of 
flapping  wings.  These  questions  motivated  the  main  research  areas  of  the  research: 
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1.  The  flow  physics  of  biology-inspired  mechanisms  that  simultaneously  provide  lift  and 
thrust,  to  enable  hover,  and  minimize  power  consumption; 

2.  The  interactions  of  unsteady  aerodynamic  loading  with  flexible  structures; 

3.  Flexible,  light-weight,  multifunctional  materials  and  structures  for  large  displacement  and 
suitable  for  actuators  and  sensors; 

4.  Gust-tolerant  biology-inspired  flight  control  methodologies  incorporating  novel  sensors  and 
wing  structural  property  tailoring; 

5.  Integration  of  theoretical,  numerical  and  experimental  analysis  techniques; 

6.  Power  requirements,  packaging  and  integration  issues  for  flapping  wing  technologies 
relevant  to  MAV  urban  operations. 

In  what  follows  the  main  accomplishments  of  the  research  program  are  highlighted.  The 
accomplishments  are  grouped  according  to  these  research  areas. 
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3.  Research  Accomplishments 

In  this  section  the  main  research  contributions  are  highlighted.  For  each  contribution  relevant 
dissertation  and  archival  publications  listed  in  Appendices  A  and  B,  respectively,  are  referenced 
by  the  corresponding  number.  The  reader  is  referred  to  those  publications  for  detailed  accounts 
of  the  research. 

3. 1 .  The  flow  physics  of  biology-inspired  mechanisms  that  simultaneously  provide  lift 
and  thrust,  to  enable  hover,  and  minimize  power  consumption. 

3.1.1  Flow  Physics  of  Pitching  and  Plunging  Rigid  Airfoils 

Experimental  studies  of  rigid  wings  undergoing  pitching  and  plunging  kinematics  were 
conducted  with  SD7003  and  flat  plate  airfoils  to  determine  the  scaling  of  lift  and  thrust 
coefficients  as  a  function  reduced  frequency  and  motion  amplitude  for  fixed  effective  angle  of 
attack  time  history.  The  research  focus  was  on  the  formation  and  dynamics  of  Leading  and 
Trailing  Edge  Vortices  (LEV  and  TEV)  and  their  relation  to  aerodynamic  force  generation.  It 
was  found  that  LEV  and  TEV  topology  scales  primarily  with  reduced  frequency;  while  lift  and 
thrust  coefficients  scale  primarily  with  Strouhal  number. 

Dissertations  (Appendix  A):  4,  7,  1 1 

Publications  (Appendix  B):  15, 27,  28,  30,  44, 45,  46,  48,  49,  50,  62 

3.1.2  Flow  physics  of  bio-inspired  hover  kinematics 

The  flow  physics  of  bio-inspired  hover  kinematics  of  airfoils  and  wings  in  pitch-plunge  and 
flapping  was  investigated  experimentally  using  direct  force  measurement  and  PIV.  Two  bio¬ 
inspired  and  a  sinusoidal  kinematic  were  investigated.  Thrust,  lift  and  propulsion  efficiency 
(figure  of  merit)  were  experimentally  determined.  PIV  and  flow  visualization  techniques  are  also 
being  used  to  quantify  vortex  topology  and  its  relation  to  force  generation  and  propulsion 
efficiency. 

Dissertations  (Appendix  A):  15 
Publications  (Appendix  B):  75 


3.1.3  PIV  force  measurements 

Methodologies  that  use  Particle  Image  Velocimetry  measurements  around  membrane  wings 
have  been  developed  and  refined  to  calculate  a  thrust  in  a  hovering  environment.  This  analysis 
has  been  used  to  show  that  the  membrane  material  properties  can  be  used  to  alter  the  spanwise 
twist  profile  and  hence  the  location  of  the  maximum  force  generation.  Additionally  the  work 
has  demonstrated  the  benefit  of  a  constant  velocity  wing  motion  versus  a  purely  sinusoidal 
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motion.  PIV  based  force  measurements  were  also  used  to  measure  forces  on  a  rapidly  pitching 
flap  plate 

Dissertations  (Appendix  A):  7,  13 
Publications  (Appendix  B):  57,  77 


3.1.4  Aerodynamics  of  perching 

The  aerodynamic  of  perching  maneuvers  has  been  investigated.  The  effect  of  pitch  rate  on 
force  and  flow  development  has  been  measured  for  different  pivot  axis  locations  and  pitch 
amplitude.  LEV  formation  and  detachment  was  determined  using  PIV.  At  low  reduced  pitch  rate 
the  flow  is  quasi-steady.  At  high  reduced  pitch  rate  significant  rotation  rate  have  been  measure. 
Leading  edge  pivot  produces  much  higher  force  that  trailing  edge  pivot.  Also  at  high  pitch  rates 
the  flow  evolution  is  more  two-dimensional. 

Dissertations  (Appendix  A):  7 

Publications  (Appendix  B):  57,  59,  61,  66,  73,  79 


3. 2.  Interactions  of  unsteady  aerodynamic  loading  with  flexible  structures 
3.2.1  multi-fidelity  computational  modeling  of  flapping  wing  aerodynamics  and  aeroelasticity 

The  multi-fidelity  computational  approach  was  developed  and  has  been  applied  to  flapping 
wing  aerodynamics  and  aeroelasticity.  Highlights  of  the  research  results  are: 

•  Variation  of  the  Reynolds  number  leads  to  a  change  in  the  LEV  and  spanwise  flow 
structures,  which  impacts  the  aerodynamic  force  generation, 

•  Interaction  between  the  TiV  and  the  LEV  enhances  lift  without  increasing  power 
requirements  for  delayed  rotation  kinematics  with  high  angle  of  attack, 

•  Chordwise  flexibility  in  forward  flight  can  adjust  its  projected  area  normal  to  its  flight 
path  via  shape  deformation,  redistributing  thrust  and  lift, 

•  Spanwise  flexibility  in  forward  flight  results  in  spanwise  shape  deformation  leading 
to  a  phase  shift  between  the  wing  tip  and  the  root  as  well  as  varied  effective  angle  of 
attach  distribution  and  enhanced  thrust  generation 

Dissertations  (Appendix  A):  1 

Publications  (Appendix  B):  3,  6,  16,  21,  24,  29,  38,  40,  51 
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3.2.2  Experimental  studies  on  pitching-plunging  and  flapping  flexible  wings 

Experimental  studies  on  the  effect  of  flexibility  on  a  pitching-plunging  and  flapping  elliptical 
wing  was  conducted.  Experiments  were  conducted  in  a  water  channel  facility  and  in  the  wind 
tunnel.  Highlights  of  the  results  in  the  water  channel  include: 

8  Flexibility  effects  are  found  for  Hi  <  200 

*  Increased  effective  angle  of  attack  outboard 

•  Phase  lag  of  maximum  affective  angle  of  attack  compared  to  a  rigid  wing 

•  Spanwise  flow  in  the  vortex  core 

*  F!ow  toPology:  LBV  vortex  strength  increases  outboard  due  to  increased  effective 
angle  of  attack 

Dissertations  (Appendix  A):  8 

Publications  (Appendix  B):  23,  43,  51,  63,  68,  72 


3.2.3  Nonlinear  aeroelastic  model  suitable  for  flexible  insect-like  flapping  wings  in  hover 
A  nonlinear  aeroelastic  model  suitable  for  flexible  insect-like  flapping  wings  in  hover  was 
develped.  The  aeroelastic  model  is  obtained  by  coupling  a  nonlinear  structural  dynamic  model 
based  on  MARC,  with  a  potential  flow  based  approximate  aerodynamic  model  that  consists  of 
leading  edge  vortices  and  a  wake  model.  The  aeroelastic  response  is  obtained  using  an  updated 
Lagrangian  method.  The  paper  describes  validation  studies  conducted  on  the  structural  dynamic 
model,  aerodynamic  comparisons,  and  aeroelastic  studies  conducted  on  isotropic  and  anisotropic 
Zimmerman  wings.  The  results  demonstrate  the  suitability  of  MARC  for  modeling  anisotropic 
wings  undergoing  insect-like  wing  kinematics.  For  the  aeroelastic  cases  considered,  the 
approximate  model  shows  acceptable  agreement  with  CFD  based  and  experimental  results.  The 
approximate  model  captured  several  important  trends  correctly. 

Dissertations  (Appendix  A):  6 

Publications  (Appendix  B):  31,  36, 41,  53,  82,  83 
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3.2.4  Nonlinear  aeroelastic  model  suitable  for  flexible  flapping  wings  in  forward  flight. 

Aerodynamic  and  aeroelatfic  studies  for  flapping  wings  have  been  conducted  using  an 
oelastic  model  that  combines  a  nonlinear  structural  dynamic  model  with  an  approximate 
aerodynamic  model  that  incorporates  leading  edge  vortices  and  a  wake  model  The  princioal 
contribution  tn  this  research  is  the  extension  of  the  earlier  model,  developed  for  ta  ver  to 

°7-ar  a  f  ght  T,heeffCCt  0f  flUld  Vlscosl1y  is  also  incorporated  in  a  partial  manner  Results 

0^00  Zng  °pe -ating  at  |0W  Reyn0ldS  number  indicate  that  incorporating  tie  effect 

sity  improves  correlation  between  the  approximate  model  and  CFD  based  results  For 

cm  3  "  T1,  ffi8h  athe  “  aW0"  m°d"  ^-acceptable  agreement 3 
based  results  and  it  predicts  the  trends  accurately.  The  trends  obtained  suggest  that  the 

rces  generated  by  rigid  wings,  m  both  hover  and  forward  flight,  are  insensitive  to  Reynolds 

t;;rnd  SCaIC  WIth  SqUare  of  flaPPi«g  frequency.  The  aeroelastic  results  presented  indicate 
that  lift  enhancement  due  to  flexibility  that  was  demonstrated  for  hover  is  also  present  in  forward 

kiuemafe  ofthe  bes*' flex.ble  configuration  depends  on  the  flapping  frequency  and  wing 


Dissertations  (Appendix  A):  6 
Publications  (Appendix  B):  65 


3.3.  Flexible,  light-weight,  multifunctional  materials  and  structures  for  large 
displacement  and  suitable  for  actuators  and  sensors; 

3.3.1  Synthetic,  Flexible  Small  Flapping  Wings 

This  research  focuses  on  small  synthetic  wings  which  were  biologically  inspired  by 

hummmgbtrds  as  they  are  comparable  in  size,  shape,  and  flapping  frequency.  The  focus  was 

atmed  at  the  average  thrust  production  from  a  one  degree  of  freedom  flapping  mechanism  and 

foe  weight  of  each  wing.  The  motivation  arises  with  the  final  application  of  a  standalone 

hovering  devtce  but  brmgs  to  attention  a  question  of  whether  or  not  to  trust  the  current 

manufacturing  process  that  consists  of  a  carbon  fiber  hand  lay-up  method.  The  main  objective  of 

resulting  ^  *°  a  hl8MWeiity  manufacturing  process  having  repeatable  and  robust  wings 

detected  wh  foPT  a  3  Variati°nS  ”  aVerage  thrast  Prod“^«  can  be 
eteted  while  ,n  hover  mode.  To  advance  the  possibilities  and  expand  the  testing  envelope  four 

min  "h  w-  V  W6re  pr0p0sed’ the  carbon  flber  hand  fry-up,  a  Teflon  CNC  milled  mold  a 

me,h„dwratM““  '  Carb°'1  ^  ^  a 

Dissertations  (Appendix  A):  2,12,  16 
Publications  (Appendix  B):  7,  20,  42,  54,  55 
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3.4.  Gust-tolerant  biology-inspired  flight  control  methodologies  incorporating  novel 
sensors  and  wing  structural  property  tailoring 

3.4.1  Gust  rejection  in  biological  flight 

The  mechanisms  of  gust  rejection  in  biological  flight  and  understanding  the  aerodynamics  of 
bio-inspired  flapping  wing  kinematics  have  been  investigated.  Experiments  were  conducted  to 
capture  and  digitize  insect  flight  flight  sequences.  Insect’s  response  to  gust  inputs  has  been 
documented.  Theoretical,  numerical  and  experimental  analysis  techniques  have  been  developed. 

Dissertations  (Appendix  A):  9,  14 

Publications  (Appendix  B):  25,  32,  69,  81 

3.4.2.  Aeroservoelastic  system  identification  and  feedforward  control  of  flexible  flapping 
wings. 

The  dynamics  of  a  flapping-wing  vehicle  are  inherently  aeroservoelastic  since  the  interaction 
of  aerodynamics  and  structural  dynamics  are  critical  to  performance  and  will  be  altered  by  any 
control  effectors.  These  dynamics  have  been  shown  to  exhibit  nonlinear  behaviors  in  the  time- 
frequency  domain  for  a  variety  of  wings.  A  model  of  the  flapping  wing  as  a  function  of  each 
control  effector  may  be  formulated.  These  models  capture  the  nonlinear  behavior  and  are  a  basis 
from  which  to  compute  the  deflection  in  response  to  any  control  command.  In  this  research  a 
model  of  the  aeroservoelastic  dynamics  for  a  flexible  flapping  wing  was  developed.  A 
feedforward  controller  is  designed  which  determines  the  input  flapping  amplitude  and  flapping 
frequency  considering  some  desired  flapping  profile  and  the  experimental  model.  The  values  of 
the  control  effectors  are  input  into  the  flapping  model  thereby  tracking  the  deflections  of  a 
desired  flapping  profile. 

Dissertations  (Appendix  A):  10 

Publications  (Appendix  B):  47,  60 

3.5.  Power  requirements,  packaging  and  integration  issues  for  flapping  wing 
technologies  relevant  to  MAV urban  operations. 

The  multi-fidelity  computational  approach  has  been  applied  to  determine  power  requirements 
of  flapping  wing  MAVs  at  low  Reynolds  number 

Experimental  studies  were  conducted  to  measure  propulsion  efficiency  of  bio-inspired  and 
other  hover  kinematics 

Dissertations  (Appendix  A):  15 

Publications  (Appendix  B):  72,  75>  80 
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4.  Conclusion 

The  multidisciplinary  research  program  on  bio-inspired  flexible  wing  for  flapping  flight 
provided  an  opportunity  to  develop  unique  computational  and  experimental  capabilities  to 
analyze  the  coupled  flow  dynamics,  structural  dynamics  and  flight  mechanics  of  biological  flight 
systems.  These  capabilities  have  enabled  a  large  number  of  more  focused  projects  to  investigate 
relevant  scientific  issues.  In  closing  we  note  some  significant  challenges  that  remain.  On  the 
computational  side  the  complexity  of  the  coupled  fluid/structure  problem  lead  to  very  long 
computational  times  and  numerical  difficulties  at  higher  Reynolds  number.  Improved  high- 
fidelity  computational  tools  wiil  continue  to  be  important  for  researchers  in  this  field.  Low- 
fidelity  models  have  been  developed  and  used  in  this  research  and  provide  a  useful  tool  for 
engineering  analysis  and  optimization. 

On  the  experimental  characterization  of  flexible  flapping  there  are  many  challenges  which 
need  to  be  resolved.  Accurate  measurement  of  wing  deformation,  particularly  of  thin  membrane 
wings,  is  very  challenging  and  better  techniques  are  needed.  Dynamic  tare  necessary  for  direct 
aerodynamic  force  measurement  on  flexible  wings  presents  some  difficult  issues  that  are  not 
fully  resolved  at  this  point.  Also  to  characterize  these  flows  3-D  flow  field  measurement 

techniques  must  be  improved  to  investigate  issues  of  laminar-turbulent  transition  and  tip  vortex 
effects  in  these  flows. 


II 
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3.  Pin  Wu,  (2010)  “Experimental  Characterization,  Design,  Analysis  And  Optimization  Of 
Flexible  Flapping  Wings  For  Micro  Air  Vehicles,”  Ph.D.  Dissertation,  University  of  Florida 
Chair:  P.  Ifju. 

4.  Chang-Kwon  Kang  (2011)  “Aerodynamics,  Scaling,  and  Performance  of  a  Flexible  Flapping 
Wing”  Ph.D.  Dissertation,  University  of  Michigan.  Chair:  W.  Shyy. 

5.  Patrick  C.  Trizila  (2031)  “Aerodynamics  of  Low  Reynolds  Number  Rigid  Flapping  Wing 
Under  Hover  and  Freestream  Conditions,”  Ph.D.  Dissertation,  University  of  Michigan.  Chair: 
W.  Shyy. 

6.  Abhijit  Gogulapati  (2011)  “Nonlinear  Approximate  Aeroelastic  Analysis  of  Flapping  Wings 
in  Hover  and  Forward  Flight,”  Ph.D.  Dissertation,  University  of  Michigan.  Chair:  P. 
Friedmann. 

7.  Yeon  Sik  Baik  (2011)  “Unsteady  Force  Generation  and  Vortex  Dynamics  of  Pitching  and 
Plunging  Airfoils  at  Low  Reynolds  Number,”  Ph.D.  Dissertation,  University  of  Michigan. 
Chair:  L.P.  Bernal. 

8.  Erik  Sallstrom  (2011)  “Flow  field  of  flexible  flapping  wings,”  Ph.D.  Dissertation,  University 
of  Florida.  Chair:  L.  Ukeiley, 

9.  Imraan  Faruque  (2011)  Dipteran  Insect  Flight  Dynamics  Modeling,  System  Identification, 
and  Control,”  Ph.D.  Dissertation,  University  of  Maryland.  Chair:  S.  Humbert. 

10.  Robert  Love  (2012)  “An  Experimentally-Based  Procedure  for  Aeroservoelastic  Model 
Identification  and  Control  Synthesis  for  Morphing  and  Flapping  Wings”  Ph.D.  Dissertation, 
University  of  Florida.  Chair:  R.  Lind. 

1 1.  Adam  Hart  (2013)  “Unsteady  Fluid  Dynamics  Over  a  Low-Aspect-Ratio  Pitching  Plunging 
Flat  Plate,”  Ph.D.  Dissertation,  University  of  Florida.  Chair:  L.  Ukeiley. 

Master  Theses 

12.  Justin  Mclntire,  (2011)  “Investigating  Torsional  Compliance  Of  Flapping  Wings  To 
Maximize  Thrust  Capability,”  Master  Thesis,  University  of  Florida.  Thesis  Adviser:  P.  Ifju. 

13.  Diego  Campos  (2012)  Effects  of  Isotropic  Flexibility  on  Wings  Under  a  Plunging  Motion,” 
Master  Thesis,  University'  of  Florida.  Thesis  Adviser:  L.  Ukeiley 

14.  Nick  Kostreski  (2012)  “A  Comparative  Study  of  Gust  Mitigation  Approaches  in  Insects.” 
Master  Thesis,  University  of  Maryland.  Thesis  Adviser:  S.  Humbert. 

15.  Ruben  Vandenheede  (2012)  “Force  Generation  of  Bio-Inspired  Hover  Kinematics,”  Master 
Thesis,  Delft  University  of  Technology.  Thesis  Adviser:  L.  Bernal. 

16.  Jason  Rue  (2013)  “Investigating  Manufacturing  Techniques,  Testing,  And  Design  To 
Enhance  Confidence  In  Thrust  Production  For  Synthetic  Flexible  Small  Flapping  Wings,” 
Master  Thesis,  University  of  Florida.  Thesis  Adviser:  P.  Ifju. 


12 


Appendix  B  -  Publications 

Books 

I‘  '®kyy>  W,,  Aono,  H.,  Kang,  C.-K.,  and  Liu,  H.  (authors),  An  Introduction  to  Flapping  Wing 
Aerodynamics ,  Cambridge  University  Press,  New  York  (2013) 

Book  Chapters 

2.  Stanford,  B,  Ifju,  P.,  Albertani,  R.,  and  Shyy,  W.,  “Fixed  Membrane  Wings  for  Micro  Air 
Vehicles:  Experimental  Characterization,  Numerical  Modeling,  and  Tailoring,”  Progress  in 
Aerospace  Sciences,  VoL  44,  (2008),  pp. 258-294. 

3.  Shyy,  W,  Lian,  Y.,  Chimakurthi,  S.K.,  Tang,  X,  Cesnik,  C.E.S.,  Stanford,  B.,  and  Ifju, 

P.G.,  “Flexible  Wings  and  Fluid-Structure  Interactions  for  Micro-Air  Vehicles,”  Chapter  II, 
Flying  Insects  and  Robots,  Dario  Floreano,  Jean-Christophe  Zufferey,  Mandyam  v’ 
Srinivasan,  and  Charlie  Ellington  (Editors),  pp.  143-157,  Springer-Verlag,  Berlin  Germany 
(2009).  ’ 

4.  Shyy,  W.,  Aono,  H.,  and  Liu,  H.,  “Flapping  Wing  Aerodynamics,”  Encyclopedia  of 
Aerospace  Engineering ,  R.  Blockley  and  W.  Shyy  (Editors),  Wiley,  Vol.  1  Chanter  17 
(2010),  pp.  231-243. 

5.  Liu,  H.,  and  Shyy,  W.,  “Micro  Air  Vehicle-Motivated  Aerodynamics,”  Encyclopedia  of 
Aerospace  Engineering ,  R.  Blockley  and  W.  Shyy  (Editors),  Wiley,  Vol.  7,  Chapter  346 
(2010),  pp.  4265-4277. 

6.  Shyy,  W.,  Aono,  H.,  Chimakurthi,  S.K.,  Trizila,  P.,  Kang,  C.-K.,  Cesnik,  C.E.S.,  and  Liu, 
H.,  “Recent  Progress  in  Flapping  Wing  Aerodynamics  and  Aeroelasticity,”  Progress  in 
Aerospace  Sciences ,  Vol.  46,  (2010),  pp.  284-327,  doi:  10.1016/j.paerosci.2010.01 .001. 

7.  Xie,  Lunxu,  Pin  Wu,  and  Peter  Ifju  "Advanced  Biologically-Inspired  Flapping  Wing 
Structure  Development."  In  Experimental  and  Applied  Mechanics,  Volume  6,  pp.  365-371 
Springer  New  York,  2011. 

8.  Abate,  G.,  and  Shyy,  W.,  “Bio-inspiration  of  Morphing  for  Micro  Air  Vehicles,”  in 
Morphing  Aerospace  Vehicles  and  Structures,  J.  Valasek  (Ed.),  pp.  41-53  Wilev  New  York 
(2012). 

Journal  Publications 

9.  Shyy,  W.,  and  Liu,  H„  “Flapping  Wings  and  Aerodynamic  Lift:  The  Role  of  Leading-Edge 

Vortices,”  AJAA  Journal,  Vol.  45,  (2007),  pp.  28 1 7-281 9.  '  ' 

10.  Stanford,  B„  Sytsma,  M„  Albertani,  R„  Viieru,  D„  Shyy,  W„  and  Ifju,  P„  “Static  Aeroelastic 
Model  Validation  of  Membrane  Micro  Air  Vehicle  Wings,”  AIAA  Journal.  Vol  45  120071 
pp.  2828-2837. 

11.  Tang,  J.,  Viieru,  D.,  and  Shyy,  W.,  Effects  of  Reynolds  Number  and  Flapping  Kinematics 
on  Hovering  Aerodynamics,”  AIAA  Journal ,  Vol.  46,  (2008),  pp.  967-976;  also  45th  AIAA 
Aerospace  Sciences  Meeting  and  Exhibit,  8-1 1  January  2007,  Reno,  Nevada,  Paper  No 
AIAA  2007-129. 


13 


12.  Shyy,  W.,  Lian,  Y.,  Tang,  J.,  Liu,  H.,  Trizila,  P.,  Stanford,  B.,  Bernal,  L.P.,  Cesnik,  C.E.S., 
Friedmann,  P .,  and  Ifju,  P.,  “Computational  Aerodynamics  of  Low  Reynolds  Number 
Plunging,  Pitching  and  Flexible  Wings  for  MAV  Applications,”  Acta  Mechanica  Sinica,  Vol. 
24,  (2008),  pp.  351-373,  doi:  10.1 007/s  1 0409-008-01 64-z;  also,  46th  AIAA  Aerospace 
Sciences  Meeting  and  Exhibit,  7-10  January  2008,  Reno,  Nevada,  Paper  No.  AIAA  2008- 
523. 

13.  Aono,  H.,  Shyy,  W.,  and  Liu,  H.  “Vortex  Dynamics  in  Near  Wake  of  a  Hovering 
Hawkmoth,”  Acta  Mechanica  Sninca,  Vol.  25,  (2009),  pp.  23-36;  also  46th  AIAA  Aerospace 
Sciences  Meeting  and  Exhibit,  7-10  Januaiy  2008,  Reno,  Nevada,  Paper  No  AIAA  2008- 
583. 

14.  Shyy,  W.,  Trizila,  P.,  Kang,  C.,  and  Aono,  H.  “Can  Tip  Vortices  Enhance  Lift  of  a  Flapping 
Wing?”  AIAA  journal,  Vol.  47,  (2009),  pp.  289-293. 

15.01,  M.,  Bernal,  L„  Kang,  C.-K.,  and  Shyy,  W.,  “Shallow  and  Deep  Dynamic  Stall  for 
Flapping  Low  Reynolds  Number  Airfoils,”  Experiments  in  Fluids ,  Vol.  46,  (2009),  pp.  883- 

1 6.  Chimakurthi,  S.,  Tang,  J„  Palacios,  R.,  Cesnik,  C.,  and  Shyy,  W.,  “Computational 
Aeroelastic  Framework  for  Analyzing  Flapping  Wing  Micro  Air  Vehicles,”  AIAA  Journal 
Vol.  47,  (2009),  pp.  1865-1 878,  doi:  10.2514/1.38845;  an  earlier  version  was  presented  in  the 
49th  AIAA/ASME/ASCE/AHS/ASC  Structures,  Structural  Dynamics,  and  Materials 
Conference,  7-10,  April  2008,  Paper  No.  AIAA-2008-1 814. 

17.  Wu,  P.,  Stanford,  B.,  Bowman,  W.,  Schwartz,  A.  and  Ifju,  P.G.,  “Digital  Image  Correlation 
Techniques  For  Full-Field  Displacement  Measurements  Of  Micro  Air  Vehicle  Flapping 
Wings,”  Experimental  Techniques ,  Vol.  33,  No.  6,  pp.  53-58,  2009. 

18.  Qi,  D.,  Liu,  Y.,  Shyy,  W.,  and  Aono,  H.,  “Simulations  of  Dynamics  of  Plunge  and  Pitch  of  a 
Three-Dimensional  Flexible  Wing  in  a  Low  Reynolds  Number  Flow,”  Physics  of  Fluids 
Vol.  22,  (2010),  pp.  091901:1-20. 

19.  Liu,  H.,  Nakata,  T.,  Gao,  N.,  Maeda,  M.,  Aono,  H.,  and  Shyy,  W.,  "Micro  Air  Vehicle- 
Motivated  Computational  Biomechanics  in  Bio-Flights:  Aerodynamics,  Flight  Dynamics  and 
Maneuvering  Stability,"  Acta  Mechanica  Sinica,  Vol.  26,  (2010),  pp.863-879. 

20.  Wu,  P.,  Ifju,  P.G.  and  Stanford,  B.,  "Flapping  wing  structural  deformation  and  thrust 
correlation  study  with  flexible  membrane  wings."  AIAA  journal ,  Vol.  48,  (2010)  No  9  nn 
2111-2122.  ’ 

2 1 .  Chimakurthi,  S.K.,  Cesnik,  C.E.S.,  and  Stanford,  B.,  “Flapping  Wing  Structural  Dynamics 

Formulation  Based  on  a  Corotational  Shell  Finite  Element,”  AIAA  Journal  Vol  49  (2011) 
No.  l,pp.  128-142.  '  ’ 

21.  Trizila,  P.,  Kang,  C.-K.,  Aono,  H.,  Visbal,  M.,  and  Shyy,  W.,  "Low  Reynolds  Number 
Aerodynamics  of  a  Flapping  Rigid  Flat  plate","  AIAA  Journal,  Vol.  49,  (2011),  pp.  806-823. 

23.  Wu,  P.,  Stanford,  B.,  Sallstrom  E.,  Ukeiley,  L.,  and  Ifju,  P.,  “Structural  Dynamics  and 
Aerodynamics  Measurements  of  Biologically  Inspired  Flexible  Flapping  Wings,”  (2011), 
Bioinspiration  &  Biomimetics,  Vol.  6,  No.  1.  doi:  1 0.1 088/1 748-3 182/6/1/016009. 


14 


24.  Kang,  C.-K.,  Aono,  H.,  Cesnik,  C.E.S.,  and  Shyy,  W.,  "Effects  of  Flexibility  on  the 
Aerodynamic  Performance  of  Flapping  Wings,"  Journal  of  Fluid  Mechanics,  Vol.  689, 
(2011),  pp.  32-74  (featured  as  the  cover  article  of  the  issue);  an  earlier  version  was  also 
presented  in  the  6th  AIAA  Theoretical  Fluid  Mechanics  Conference,  27  -  30  June  201 1 

Honolulu,  Hawaii,  Orlando,  Florida,  Paper  No.  201 1-3121. 

25.  Humbert  JS  and  Faruque  I,  “Analysis  of  Insect-Inspired  Wingstroke  Kinematic  Perturbations 

for  Longitudinal  Control,”  AIAA  J.  of  Guidance,  Control  and  Dynamics  Vol  34  No  2  on 
618-623, 201 1,  DOI:  10.2514/1.51912.  '  ’  ’ PP’ 

26.  R.D.  Love  and  R.  Lind,  "Time-Frequency  Analysis  of  Aeroelastic  Deflections  of  Flapping 
Wmgs,"  International  Journal  of  Micro  Air  Vehicles,  Vol.  3,  No.  2,  June  20 1 1,  pp.  89- 1 00. 

27.  Baik,  Y.S.,  Bernal,  L.P.,  Granlund,  K.  and  01,  M.V.,  “Unsteady  force  generation  and  vortex 
dynamics  of  pitching  and  plunging  airfoils,”  J.  Fluid  Mech.  709:37-68,  2012, 

28.  Baik,  Y.S.  and  Bernal,  L.P.,  “Experimental  Study  of  Pitching  and  Plunging  Airfoils  at  Low 
Reynolds  Numbers,”  Experiments  in  Flidds  53:1979-1992,  2012. 

29.  Gordnier,  R.E.,  Chimakurthi,  S.K.,  Cesnik,  C.E.S,  and  Attar,  P.J,  “High-fidelity  Aeroelastic 
Computations  of  a  Flapping  Wing  with  Spanwise  Flexibility,”  Journal  of  Fluids  and 
Structures ,  Vol.  40,  2013,  pp.  86-104. 

30.  Kang,  C.-K.,  Aono,  H.,  Baik,  Y.S.,  Bernal,  L.P.,  01,  M.,  and  Shyy,  W.,  “Fluid  Dynamics  of 

Pitching  and  Plunging  Flat  Plate  at  Intermediate  Reynolds  Numbers,”  AIAA  Journal  Vol  5 1 
(2013),  pp.  315-329.  ’  '  ’ 

^ Friedmann,  P.,  Kheng,  E„  and  Shyy,  W.,  “Approximate  Aeroelastic 
Modeling  of  Flapping  Wings  in  Hover:  Comparison  with  CFD  and  Experimental  Data  ” 
AIAA  Journal,  Vol.  51,  (2013),  pp.  567-583. 

32.  Vance  JT,  Faruque  I,  and  Humbert  JS,  “Kinematic  Strategies  for  Mitigating  Gust 
Perturbations  in  Insects,”  Bioinspiration  and  Biomimetics,  Vol.  8,  2013  DOT  10  1088/1748- 
3182/8/1/01600  * 

33  .  D.  Yeo,  E.  Atkins,  L.P.  Bernal  and  W.  Shyy,  “Experimental  characterization  of  lift  on  a  rigid 
flapping  wing,”  in  press  Journal  of  A  ircraft,  2013. 

34.  K.  Granlund,  M.V.  01  and  L.P.  Bernal,  “Free-to-pivot  flat  plates  in  hover,”  in  press  Journal 
of  Fluids  and  Structures,  2013. 

35.  Gogulapati,  A.,  and  Friedmann,  P.  P.,  “Approximate  Aerodynamic  and  Aeroelastic 

Modeling  of  Flapping  Wings  in  Forward  Flight,”  AIAA  Journal  2013  (accepted  for 
publication). 

Archival  Conference  Publications 

36.  Gogulapati,  P.  P.  Friedmann,  and  W.  Shyy,  ’’Nonlinear  Aeroelastic  Effects  in  Flapping  Wing 
Micro  Air  Vehicles,”  AIAA  Paper  2008-1817,  48th  AIAA/ASME/ASCE/AHS/ASC  Structures 
Structural  Dynamics  and  Materials  Conference,  7-10  April  2008,  Schaumburg,  IL. 

37.  Sallstrom  E.,  and  Ukeiley,  L,,  (2008)  “Three  Dimensional  Averaged  Flow  Field  Around 
Rigid  Flapping  Wings,”  AIAA  Paper  2008-3721,  38th  AIAA  Fluid  Dynamics  Conference. 


15 


38.  Tang,  J.,  Chimakurthi,  S.,  Palacios,  R.,  Cesnik,  C.E.S.  and  Shyy,  W.,  “Computational  Fluid- 
Structure  Interaction  of  a  Deformable  Flapping  Wing  for  Micro  Air  Vehicle  Applications,”  , 
AIAA  Paper  No.  AIAA  2008-615,  46th AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  7-10 
January  2008,  Reno,  Nevada. 

39.  C.-K.  Kang,  Y.S.  Baik,  L.  Bernal,  M.V.  01  and  W.  Shyy,  “Fluid  dynamics  of  pitching  and 
plunging  airfoils  of  Reynolds  number  between  1*104  and  6*104”  AIAA  47st  Aerospace 
Sciences  Meeting  &  Exhibit,  Jan  5-8,  2009,  Orlando,  Florida.  AIAA  Paper  2009-0536. 

40.  Aono,  H.,  Chimakurthi,  S.K.,  Cesnik,  C.E.S,  Liu,  H.,  and  Shyy,  W.,  "Computational 
Modeling  of  Spanwise  Flexibility  Effects  on  Flapping  Wing  Aerodynamics",  AIAA-2009- 
1270,  47th  AIAA  Aerospace  Sciences  Meeting  including  The  New  Horizons  Forum  and 
Aerospace  Exposition,  Orlando,  Florida,  Jan.  5-8, 2009. 

41.  Gogulapati,  A.,  Friedmann,  P.  P.  and  Shyy,  W.,  “Approximate  Aeroelastic  Analysis  of 
Flapping  Wings  in  Hover,”  Paper  IFASD  -  2009-143,  Proceedings  of  the  International 
Symposium  on  Aeroelasticity  and  Structural  Dynamics,  June  2 1  -25,  2009,  Seattle,  WA. 

42.  Wu,  P.,  Ifju,  P.,  Stanford,  B.,  Sallstrom  E.,  Ukeiley,  L.,  Love,  R.,  and  Lind,  R.,  (2009)  “A 
Multidisciplinary  Experimental  Study  Flapping  Wing  Aeroelasticity  in  Thrust  Production,” 
AIAA  Paper  2009-2413,  AlAA/ASME/ASCHE/AHS/ASC  Structures,  Sturctural  Dynamics 
and  Materials  Conference. 

43.  Sallstrom  E.,  Ukeiley,  L.,  Wu,  Pin  and  Ifju,  P.  (2009)  “Three-Dimensional  Averaged  Flow 
And  Wing  Deformation  Around  Flexible  Flapping  Wings,”  39th  AIAA  Fluid  Dynamics 
Conference,  San  Antonio,  TX,  22-25  June  2009 .  AIAA  Paper  2009-3  8 1 3 . 

44.  Y.S.  Baik,  J.M.  Rausch,  L.  Bernal  and  M.V.  CM,  “Experimental  Investigation  of  Pitching  and 
Plunging  Airfoils  at  Reynolds  number  between  D104  and  6  MO4”  39th  AIAA  Fluid  Dynamics 
Conference,  San  Antonio,  TX,  22-25  June  2009,  AIAA  Paper  2009-4030. 

45.  L.P.  Bernal,  M.V.  01,  D.P.  Szczublewski  and  C.A.  Cox,  “Unsteady  Force  Measurements  in 
Pitching  Plunging  Airfoils”  39th  AIAA  Fluid  Dynamics  Conference,  San  Antonio  TX  22-25 
June  2009,  AIAA  Paper  2009-4031. 

46.  C.-K.  Kang,  H.  Aono,  P.  Trizila,  Y.S.  Baik,  J.M.  Rausch,  L.  Bemal,  M.V.  01  and  W.  Shyy, 
“Modeling  of  pitching  and  plunging  airfoils  of  Reynolds  number  between  DIO4  and  6*104” 
27  AIAA  Applied  Aerodynamics  Conference,  San  Antonio,  TX,  22-25  June  2009  AIAA 
Paper  2009-4100. 

47.  R.  Love  and  R.  Lind,  “Identification  of  Aeroservoelastic  Models  from  Experimental 
Flapping-Wing  Deformations,”  Invited  paper,  AIAA  Atmospheric  Flight  Mechanics 
Conference,  Chicago,  IL,  August  2009.  AIAA-2009-571 1 

48.  Hart,  A.  and  Ukeiley,  L., 4  Low  Reynolds  Number  Unsteady  Aerodynamics  over  a  Pitching- 
Plunging  Flat  Plate,”  AIAA  48s'  Aerospace  Sciences  Meeting,  Jan  4-7  2010,  Orlando  Florida 
AIAA  Paper  201 0-0387. 

49.  Y.S.  Baik,  J.M.  Rausch,  L.  Bemal,  W.  Shyy  and  M.V.  01,  “Experimental  study  of  governing 
parameters  in  pitching  and  plunging  airfoil  at  low  Reynolds  number”  AIAA  48s'  Aerospace 
Sciences  Meeting,  Jan  4-7  20 1 0,  Orlando,  Florida.  AIAA  Paper  20 1 0-3 88. 


50.  J-M.  Rausch,  Y.S.  Baik,  L.  Bernal  and  M.V.  Ol,  “Effect  of  aspect  ratio  on  rigid  lifting  flat 
plates  in  pitch-plunge  motion  at  low  Reynolds  numbers”  AIAA  48s1  Aerospace  Sciences 
Meeting,  Jan  4-7  20 1 0,  Orlando,  Florida.  AIAA  Paper  2010-389. 

51.  Aono,  H„  Chimakurthi,  S„  Wu,  P„  Sallstrom  E.:  Stanford,  B„  Cesnik,  C.,  Ifju,  P„  Ukeiley, 
L.  and  Shyy,  W.  (2010)  “A  Computational  and  Experimental  Study  of  Flexible  Flapping 
Wing  Aerodynamics,”  AIAA  Paper  2010-0554,  AIAA  Aerospace  Sciences  Meeting. 

52.  Wu,  P.  and  Ifju,  P.,  "Micro  Air  Vehicle  Flapping  Wing  Effectiveness,  Efficiency  and 
Aeroelasticity  Relationships."  AIAA  48s’  Aerospace  Sciences  Meeting,  Jan  4-7  2010  Orlando 
Florida.  AIAA  Paper  2010-1017. 

53 '  ?g,U!apati’  A”  Friedmann-  p-  K  Kheng,  E.  and  Shyy,  W,  “Approximate  Aeroelastic 
Modeling  of  Flapping  Wings:  Comparisons  with  CFD  and  Experimental  Data”, 
51  A1AAJASME/  ASCE/AHS/ASC  Structures,  Structural  Dynamics  and  Materials 
Conference ,  AIAA  Paper  No.  2010-  2707,  Orlando,  FL,  April  12-15,  2010. 

54.  Xie,  L.,  Wu,  P ,  and  Ifju,  P.  "Advanced  Flapping  Wing  Structure  Fabrication  for  Biologically- 
Inspired  Hovering  Flight."  51st  AIAA/ASME/ASCE/AHS/ASC  Structures,  Structural 
Dynamics,  and  Materials  Conference ,  AIAA  Paper  No.  2010-  2789,  Orlando,  FL,  April  12- 

1 5  j  2  0'  1 0  ■ 

55.  Wu,  Pin,,  and  Peter  Ifju.  "Experimental  Methodology  for  Flapping  Wing  Structure 
Optimization  in  Hovering  Flight  of  Micro  Air  Vehicles."  51st  AIAA/ASME/ASCE/AHS/ASC 
Structures,  Structural  Dynamics,  and  Materials  Conference.  AIAA  Paper  No  2010-  2709 
Orlando,  FL,  April  12-15,  2010. 

56.  Granlund,  K.,  Ol,  M.V.,  Bernal,  L.  and  Kast,  S.  “Experiments  on  free-to-pivot  hover  motions 
of  flat  plates”  AIAA  40'  Fluid  Dynamics  Conference  and  Exhibit,  20  Jun  -1  July  2010 
Chicago,  Illinois.  AIAA  Paper  2010-4456. 

57.  Y.S.  Baik,  H.  Aono,  J.M.  Rausch,  L.  Bernal,  W.  Shyy  and  M.V.  Ol,  “Experimental  study  of 
impulsively  rotated  flat  plate  at  low  Reynolds  number”  AIAA  40th  Fluid  Dynamics 
Conference  and  Exhibit,  20  Jun  -1  July  2010,  Chicago,  Illinois.  AIAA  Paper  2010-4462. 

58.  Rausch,  J.M.,  Baik,  Y.S.,  Bernal,  L.,  Shyy',  W.  and  Ol,  M.V.  “Fluid  dynamics  of  spanwise- 
flexible  elliptical  flat  plates  at  low  Reynolds  numbers”  AIAA  40th  Fluid  Dynamics 
Conference  and  Exhibit,  20  Jun  -1  July  2010,  Chicago,  Illinois.  AIAA  Paper  2010-4739. 

59.  K.  Granlund,  M.V.  Ol,  D.  Garmann,  M.  Visbal  and  L.  Bernal,  “Experiments  on  abstractions 
of  perching”  AIAA  40'  Fluid  Dynamics  Conference  and  Exhibit,  20  Jun  -1  July  2010 
Chicago,  Illinois.  AIAA  Paper  2010-4943. 

60.  R.D.  Love  and  R.  Lind,  “Identification  and  Control  of  Wavelet-Based  Aeroservoelastic 
Models  from  Experimental  Flapping  Wing  Deflections,”  AIAA  Guidance,  Navigation  and 
Control  Conference,  Toronto,  ON,  August  201 0,  AIAA-20 1 0-7504 

61.  Krone,  T.P.,  Baik,  Y.S.,  Rausch,  J.M.,  and  Bernal,  L.,  “Aerodynamics  of  a  Successful 
Perching  Maneuver”  AIAA  49s'  Aerospace  Sciences  Meeting,  Jan  4-7  2011,  Orlando  Florida 
AIAA  Paper  201 1-218. 


17 


62.  Baik,  Y.S.,  Bernal,  L.,  Shyy,  W.,  and  OI,  M.V.,  “Unsteady  Force  Generation  and  Vortex 
Dynamics  of  Pitching  and  Plunging  Flat  Plates  at  Low  Reynolds  Number”  AIM  49s’ 
Aerospace  Sciences  Meeting ,  Jan  4-7  2011,  Orlando,  Florida.  AIAA  Paper  201 1-220. 

63.  Sallstrom  E.,  Ukeiley,  L.,  Wu,  Pin  and  Ifju,  P.  “Aerodynamic  Forces  on  Flexible  Flapping 
Wings,”  AIAA  49s'  Aerospace  Sciences  Meeting,  Jan  4-7  201 1,  Orlando,  Florida.  AJAA  Paper 
2011-0569. 


64.  Granlund,  K.,  Ol,  M.V.,  and  L.  Bernal,  “Experiments  on  Pitching  Plates:  Force  and  Flowfield 
Measurements  at  Low  Reynolds  Numbers”  AIAA  49s1  Aerospace  Sciences  Meeting,  Jan  4-7 
2011,  Orlando,  Florida.  AIAA  Paper  20 1 1  -872. 

65.  Gogulapati,  A.,  and  Friedmann,  P.  P,,  ,  “Approximate  Aerodynamic  and  Aeroelastic 
Modeling  of  Flapping  Wings  in  Hover  and  Forward  Flight”,  52nd  AIAA/ASME/ 
ASCE/AHS/ASC  Structures,  Structural  Dynamics  and  Materials  Conference,  Denver  CO 
April  4-7,  201 1.  AIAA  Paper  2011-2008. 

66.  Granlund,  K.,  Ol,  M.V.,  and  Bernal,  L.,  “Flowfield  Evolution  vs.  Lift  Coefficient  History  for 
Rapidly-Pitching  Low  Aspect  Ratio  Plates”  AIM  6th  Theoretical  Fluid  Mechanics 
Conference,  27-30  Jun  20 1 1 ,  Honolulu,  Hawaii.  AIAA  Paper  2011-3118. 

67.  Macfarlane  M,  Bush  B,  Faruque  I,  Humbert  JS,  and  Baeder  J,  “Quasi-Steady  and 
Computational  Aerodynamics  Applied  to  Hovering  Drosophila  Dynamics”,  AIM  29th 
Applied  Aerodynamics  Conference,  Honolulu,  Hawaii,  June  2011.  AIAA  Paper  2011-3793 

68.  Rausch,  J.,  Bernal,  L.,  Cesnick,  C.,  Shyy,  W.,  and  Ukeiley,  L.,  (2011)  “Fluid  Dynamic 
Forces  on  Plunging  Spanwise  Flexible  Elliptical  Flat  Plates  at  Low  Reynolds  Numbers  ” 
AIAA  Paper  201 1-3435,  AIAA  Fluid  Dynamics  Conference. 

69.  Faruque  I  and  Humbert  JS,  Reduced  Order  Roll/Yaw  Model  for  Dipteran  Flapping  Forward 

Flight”,  AIM  Conference  on  Guidance,  Navigation,  and  Control,  Portland  OR,  August 
2011.  AIAA  Paper  20 1 1  -6548  b 


70.  K,  Granlund,  M.V .  Ol,  and  L.  Bernal,  “Experiments  on  Free-to-Pivot  Hover  Motions  of 
Multi-hinged  Flat  Plates”  AIM  Atmospheric  Flight  Mechanics  Conference,  8  -  II  August 
2011,  Portland,  Oregon.  AIAA  Paper  201 1-6527. 


71.  Wu,  Pin,  Erik  Sallstrom,  Lawrence  Ukeiley,  Peter  Ifju,  Satish  Chimakurthi,  Hikaru  Aono, 
Carlos  ES  Cesnik,  and  Wei  Shyy.  "An  Integrated  Experimental  and  Computational  Approach 
to  Analyze  Flexible  Flapping  Wings  in  Hover."  In  Structural  Dynamics,  Volume  3  do  1441- 
1451,2011.  ,VP' 


72.  C.  Morrison,  R.  Vandenheede,  D.  Kumar,  L.P.  Bernal  and  C.  Cesnik,  “Force  Measurements 
of  a  Flapping  Wing  with  Two  Angular  Degrees  of  Freedom  and  Bio-Inspired  Kinematics,” 
50th  AIM  Aerospace  Sciences  Meeting  including  the  New  Horizons  Forum  and  Aerospace 
Exposition,  Nashville,  Tennessee,  Jan.  9-12,  2012.  AIAA  Paper  2012-29. 

73. H.-T,  Yu,  L.P.  Bernal  and  C.  Morrison,  “Experimental  Investigation  of  Pitch  Ramp-Hold- 
Retum  Motion  of  Flat  Plates  at  Low  Reynolds  Number,”  50th  AIAA  Aerospace  Sciences 
Meeting  including  the  New  Horizons  Forum  and  Aerospace  Exposition,  Nashville 

Tennessee,  Jan.  9-12,  2012.  AIAA  Paper  2012-51. 


18 


74.  Yeo,  D.,  Atkins,  E.,  Bernal,  L.P.  and  Shyy,  W.,  “Aerodynamic  Feedback  Roll  Control  for  a 

Free  P.  voting  Fixed  Wing  at  High  Angles  of  Attack  in  a  Windtunnel,”  50th  AIM  Aerospace 
Sciences  Meeting  including  the  New  Horizons  Forum  and  Aerospace  Exposition,  Nashville 
Tennessee,  Jan.  9-12, 2012.  AIAA  Paper  2012-416.  5  Iie’ 

75.  R.  Vandenheede  R.,  Bernal,  L.P.,  Morrison,  C.  and  Humbert,  J.  “Force  generation  of  bio- 
mspired  hover  kinematics,”  50th  AIAA  Aerospace  Sciences  Meeting  including  the  New 

mdAer0SpaCe  ExP°siti°">  Nashville,  Tennessee,  Jan.  9-12,  2012.  AIAA 

76.  Yeo,  D.,  Atkins,  E.  Bernal,  L.P.  and  Shyy,  W„  “Experimental  Investigation  of  the  Pressure 
Force,  and  Torque  Characteristics  of  a  Rigid  Flapping  Wing,”  50th  AIAA  Aerospace  Sciences 

leeting  including  the  New  Horizons  Forum  and  Aerospace  Exposition ,  Nashville 

Tennessee,  Jan.  9-12, 2012.  AIAA  Paper  2012-849  ’ 

77.  Campos  D  lfkeil^  L.,  and  Bernal,  L.,  “Flow  Around  Flexible  Flapping  Flat  Plate  Wings  ” 

N«  OrteaasfUsiana,  Ju„e  25*28, 

78.  V.  Pmedo  and  L.P  Bemai,  “Influence  of  Effective  Angle  of  Attack  Oscillation  Amplitude  on 

WCHTvrxi°n  ny,PltChl!18'PIUnging  Fkt  P!ateS’”  42ndAIAA  Fluid  Dynamics  Conference 
and  Exhibit ;  New  Orleans,  Louisiana,  June  25-28,  20 12.  AIAA  Paper  20 12-2665.  J 

19.  Hart  A.,  and  Ukeiley,  L.,  (2012)  “Leading  edge  vortex  development  on  a  pitching  flat  plat  at 
low  Reynolds  number,”  AIAA  Paper  2012-3154,  AIAA  Collocated  Fluids  ConferfnS 

80.  R.  Vandenheede  and  L.P.  Bemai  “Parameter  space  exploration  of  bio-inspired  hover 

ZZ'fs.  OHeam- 

J’  ^acFarlane  K  and  Humbert  JS,  “Reduced- Order  Forward  Flight  Dynamics 
Models  for  Dipteran  Insects,”  AIAA  Conference  on  Guidance,  Navigation,  and  Control 
Minneapolis,  MN,  Aug  2012.  AIAA  Paper  2012-4978. 

82  Kan^eiceeand  Shw  w  L‘. P'5  M°rrison’  C-  L->  Gogulapati,  A.,  Friedmann,  P.  P., 

R  a  d  S  p\7W”  Companson  of  Experiments  on  Bio-inspired  Hover  Kinematics 

with  the  Unsteady  Vortex  Model  and  CFD”,  AIAA  Paper  2013-0066,  5F<  Aerospace 

foToT?  Meetmg  lncludmS the  New  Horizons  Forum  and  Aerospace  Exposition,  January  7- 

83.  Gogulapati  A,  Friedmann,  P.  P.  and  Martins,  J.  R.  R.  A.,  “Optimization  of  the  Kinematics  of 

A^sm/7s^H^r%i0T  Enhan<?d  ”  AIAA  Paper  2013-1646,  54th 

1  DynamkS  Corferer.ee, 


19 


